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O B J E C T I V E S Our study aimed to detect the morphological und functional effects of coronary
microembolization (ME) in vivo by cardiac magnetic resonance (CMR) imaging in an established
experimental animal model.
B A C KG ROUND Post-mortem morphological alterations of coronary ME include perifocal inﬂam-
matory edema and focal microinfarcts. Clinically, the detection of ME after successful coronary
interventions identiﬁes a population with a worse long-term prognosis.
METHOD S In 18 minipigs, ME was performed by intracoronary infusion of microspheres followed
by repetitive in vivo imaging on a 1.5-T MR system from 30 min to 8 h after ME. Additionally,
corresponding ex vivo CMR imaging and histomorphology were performed.
R E S U L T S Cine CMR imaging demonstrated a time-dependent increase of wall motion abnormalities
from 9 of 18 animals after 30 min to all animals after 8 h (0.5 h, 50%; 2 h, 78%; 4 h, 75%; 8 h, 100%).
Whereas T2 images were negative 30 min after ME, 4 of 18 animals showed myocardial edema at
follow-up (0.5 h, 0%; 2 h, 6%; 4 h, 25%; 8 h, 17%). In vivo late gadolinium enhancement (LGE) was
observed in none of the animals after 30 min, but in 33%, 50%, and 83% of animals at 2 h, 4 h, and 8 h,
respectively, after ME. Ex vivo CMR imaging showed patchy areas of LGE in all but 1 animal (2 h, 83%;
4 h, 100%; 8 h, 100%). A signiﬁcant correlation was seen between the maximum troponin I level and LGE
in vivo (r  0.63) and the spatial extent of ex vivo LGE (r  0.76).
CONC L U S I O N S Our results show that in vivo contrast-enhanced CMR imaging allows us to detect
functional and structural myocardial changes after ME with a high sensitivity. Ex vivo, the pattern of LGE
of high-resolution, contrast-enhanced CMR imaging is different from the well-known pattern of LGE in
compact myocardial damage. Thus, improvements in spatial resolution are thought to be necessary to
improve its ability to visualize ME-induced structural alterations even in vivo. (J Am Coll Cardiol Img
2009;2:121–30) © 2009 by the American College of Cardiology Foundation
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122oronary microembolization (ME) has
been identified as a potential source of
myocardial dysfunction, malignant ar-
rhythmias, and reduced coronary flow re-
erve, which may result in fatal consequences (1,2).
herefore, several experimental and clinical studies
ave investigated the morphological and functional
ffects of ME. In controlled animal experiments,
he immediate consequences of ME include a
ransient decrease of coronary blood flow, subse-
uent reactive hyperemia, and a moderate reduction
n myocardial wall function, followed by progressive
nd more severe myocardial dysfunction or recovery
ver time (3–7). Histological examinations after
E show inflammatory reactions, perifocal myo-
ardial edema, and focal microinfarcts.
Interestingly, ME has been frequently docu-
mented at autopsy in patients with stable
and unstable angina who suffered sudden
cardiac death (8 –11). Additionally to
spontaneous ME, it may also occur in the
course of coronary interventions. Peri-
interventional ME seems to be reflected
indirectly by an increase in cardiac biomar-
kers including troponin I and creatine
kinase-myocardial band, electrocardio-
graphic alterations, or impairment of micro-
vascular perfusion up to a full no-reflow
phenomenon (12–14). Clinically, the detec-
tion of ME after successful coronary inter-
ventions identifies patients with a worse
long-term prognosis compared with patients
with no enzyme elevations (15). In vivo
evidence for ME may be obtained from
debris and soluble substances retrieved from
filtration and aspiration protection as well as
from Doppler ultrasonography evaluation
14,16–19), but direct visualization of the myocardial
amage in vivo is challenging.
In principle, cardiac magnetic resonance (CMR)
maging should be able to visualize the effects of
oronary ME in vivo because steady-state free
recession (SSFP) cine sequences allow for the
ssessment of wall motion abnormalities whereas
2-weighted turbo spin echo (TSE) sequences and
he late gadolinium enhancement (LGE) technique
rovide morphological information about myocar-
ial damage. Inflammatory reactions as well as focal
nfarcts caused by ME should result in increased
ignal intensity on T2-weighted images and should
ead to contrast enhancement due to an increased
istribution volume for low-molecular agents in the
ery
inteady state after contrast injection (20). aRecently, contrast-enhanced CMR imaging has
een used to detect periprocedural myocardial ne-
rosis in patients (21,22). Focal areas of late gado-
inium enhancement were detected after percutane-
us coronary intervention, and the extent of LGE
howed a good correlation with troponin I and
reatine kinase-myocardial band elevations. Distal
E and stent-related side-branch occlusion with
ifferent patterns of LGE have been proposed as
ossible sources of biomarker elevation (23,24).
dditionally, Selvanayagam et al. (25) have recently
hown that the reduced myocardial perfusion re-
erve index can be assessed in vivo quantitatively by
rst-pass perfusion CMR imaging.
However, in clinical studies, the early effects of
E cannot be studied over time, and a histological
erification cannot be performed. Additionally,
tent-related side-branch occlusions may result in
mall infarcts rather than ME, overlapping with the
ffects of coronary ME. Therefore, our study aimed
o evaluate the effects of ME over time using
ontrast-enhanced CMR imaging in an established
xperimental animal model.
E T H O D S
etting. Experiments were performed in 18 male
öttinger minipigs (Ellegaard, Dalmose, Den-
ark), weighing 23 to 41 kg, according to the
Guidelines for Humane Care and Use of Ani-
als,” as published by the National Institutes of
ealth (NIH publication 85-23, revised 1996), and
pproved by the Bioethical Committee of the Dis-
rict of Duesseldorf, Germany. After sedation using
ntramuscular injection of ketamine (30 mg/kg
ody weight [BW]), azaperone (2 mg/kg BW), and
tropine (0.025 mg/kg BW), initiation of anesthe-
ia by intravenous fentanyl (0.005 mg/kg BW),
hiopental (12.5 mg/kg BW), and midazolam (0.15
g/kg BW) was followed by endotracheal intuba-
ion. Anesthesia was maintained by continuous
hiopental infusion (10 mg/kg BW) as well as by
dditional bolus administration of fentanyl (0.0025
g/kg BW) and midazolam (0.25 mg/kg BW)
ccording to the reflex status of the pig (26).
ontinuous monitoring included heart rate and
lectrocardiogram via external leads, oxygenation
ia peripheral oxygen sensors, and invasive blood
ressure measurements. Arterial blood gases were
nalyzed frequently after intubation and during ME
nd then periodically throughout the study.
MR imaging. All examinations were performed onB B R E V I A T I O N S
N D A C R O N YM S
W body weight
MR cardiac magnetic
esonance
D end-diastole
S end-systole
R-FLASH inversion recov
urbo fast low-angle shot
GE late gadolinium
nhancement
E coronary
icroembolization
F radiofrequency
SFP steady-state free
recession
SE T2-weighted turbo sp1.5-T scanner (Espree Magnetom, Siemens Med-
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123cal Solutions, Erlangen, Germany) using electro-
ardiographic triggering and breath-hold se-
uences. Animals were placed head first in supine
osition on top of the spine-array radiofrequency
RF) coil build into the table. Additionally, a body
hased-array RF receiver coil was placed on top of
he animal’s chest. SSFP cine CMR imaging for
all motion analysis (TR 3 ms, TE 1.5 ms, FA 60°,
esolution 1.3  1.3  6 mm3), fat-suppressed
riple inversion recovery T2-weighted dark-blood–
repared TSE CMR imaging to visualize myocar-
ial edema (TR 2 heart beats, TE 59 ms, FA 180°,
esolution 1.3  1.7  5 mm3, bandwidth 235
z/pixel) as well as inversion recovery turbo fast
ow-angle shot (IR-FLASH) for the assessment of
GE (TR 8 ms, TE 4 ms, TI 240-320 ms, FA 20°,
esolution 1.3  1.7  5 mm3) 10 min after
dministration of 0.2 mmol/kg Gd-DTPA (Mag-
evist, Schering, Berlin) were performed before
oronary catheterization as internal control.
icroembolization. A longitudinal incision on the
eft side of the neck for preparation of the carotid
rtery for coronary catheterization and the jugular
ein for volume replacement and medications was
erformed. Catheter sheaths (6-F) were implanted
nd fixed. All pigs were fully heparinized after the
mplantation of the sheaths for the duration of the
xperiments.
After intubation of the left coronary artery with a
B-3 coronary catheter (Cordis Neurovascular,
iami, Florida), insertion of a coronary wire
Floppy Wire, Guidant, Santa Clara, California),
nd advancement of a 2.3-F infusion microcatheter
Prowler Plus, Cordis Neurovascular), ME was
nduced by injection of white-colored polystyrene
icrospheres (42-m diameter, Dynospheres,
yno Particles, Lillestrom, Norway) to the left
oronary artery, as previously described (4). In 17
ases, the microcatheter was placed into the distal
ortion of the left anterior descending coronary
rtery under radiographic guidance. In 1 case, the
istal left circumflex coronary artery was chosen
ecause of a hypoplastic left anterior descending
oronary artery. To avoid clumping, microspheres
ere infused in suspension of 1  106/ml saline
ith 0.02% Tween 80 by slow 1.5 ml/min manual
njection after adequate stirring, corresponding to
pproximately 4,500 microspheres per ml/min esti-
ated coronary flow, as determined by previous
tudies in minipigs of the same weight (7). Infusion
f microspheres was followed by a 5-ml heparinized
aline flush. tn vivo CMR imaging after ME. After ME, the ani-
als were immediately transferred to the CMR
canner and repositioned, as described before. In 6
nimals, SSFP cine, T2-weighted TSE, and IR-
LASH sequences were performed 30 min as well
s 2 h after ME, followed by euthanasia. In 6
nimals, the MR protocol was performed 30 min
nd 2 and 4 h after ME, whereas in the last group
6 animals), the protocol lasted 8 h with an addi-
ional CMR examination 8 h after ME. At all
maging time points, 0.2 mmol/kg Gd-DTPA was
njected 10 to 15 min before the acquisition of the
R-FLASH sequences.
roponin I. Blood samples were obtained shortly
efore experimental ME and up to 8 h after ME,
espectively. Troponin I serum levels (ng/ml) were
etermined by routine laboratory procedures (Dade
ehring, Eschborn, Germany).
x vivo preparation. Animals were euthanized by
ntravenous bolus injection of 80 mg/kg BW pen-
obarbital. The heart was sectioned from base to
pex into 4 to 5 slices in a plane parallel to the
trioventricular groove, and each slide was placed in
he middle of a 2-element 4-channel carotid
hased-array RF coil (Machnet, Eelde, the Neth-
rlands) for signal reception. High-resolution ex
ivo CMR imaging using IR-FLASH sequences
TR 8 ms, TE 4 ms, TI 240 to 320 ms, resolution
.5  0.5  2 mm3) of the explanted heart was
chieved slice by slice from base to apex.
istology. Each slice from the basis to the apex was
xed in formalin immediately after high-resolution
x vivo scanning. Representative tissue blocks (ap-
roximately 0.5  1  1 cm3) of the target area,
ith LGE detected by ex vivo CMR imaging, as
ell as the control area (no LGE) were embedded
n paraffin, cut in 5-m specimens, mounted on
lides, and stained with hematoxylin-eosin. Speci-
ens were analyzed for the presence of micro-
pheres and of perifocal inflammatory infiltrates.
icroinfarcts were evaluated as the mean percent-
ge of the total left ventricular area per field of view
magnification 100, mean area 108  34 mm2)
27).
all motion, wall thickening, edema, and GE CMR
maging analysis. All CMR imaging examinations
ere evaluated by 2 radiologists and 1 cardiologist
n consensus. Regional wall motion was evaluated
isually and characterized as normal, hypokinetic,
kinetic, or dyskinetic. For quantification of re-
ional wall motion thickening within the target
olume (anterior, anteroseptal, and septal wall) the
hickness of the left ventricular myocardium was
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124easured at end-diastole (ED) and end-systole
ES) within the target segments 1, 2, 7, 8, 13, and
4 and within segments 5, 6, 11, 12, and 16 as
nternal controls, both according to the 17-segment
odel of the American Heart Association (28).
ystolic wall thickening was calculated and normal-
zed to the control zone to account for potential
ffects of anesthesia of 8 h on left ventricular
unction ([ES thickness  ED thickness of the
arget area] / [ES thickness  ED thickness of the
ontrol area]). The T2-weighted images were visu-
lly evaluated for the presence or absence of myo-
ardial edema. In vivo and ex vivo LGE images
ere visually assessed (presence vs. absence of
GE). Based on ex vivo images, the expansion of
GE (mm2) was calculated by in-house developed
oftware. In brief, the mean signal intensity was
easured within the remote area. Subsequently,
arget segments of the same slice were selected, and
he total area exhibiting a signal intensity of more
han the control mean plus 2 SD was determined
utomatically.
tatistics. All analyses were performed with the use
f SPSS version 12.0 (SPSS Inc., Chicago, Illinois).
ata are reported as mean  SD (regional wall
hickening index, signal intensity) or median and
ange (troponin I), respectively. The time course of
egional wall thickening was analyzed by 1-way
nalysis of variance. Troponin I levels between in
ivo LGE positive and negative animals were com-
ared by the Wilcoxon rank sum test. Linear
egression and Pearson correlation analyses were
erformed for troponin I levels versus wall thicken-
ng and for troponin I levels versus the extent of
GE ex vivo. A p value of 0.05 was taken to
ndicate significance. The authors had full access to
nd take full responsibility for the integrity of the
ata. All authors have read and agree to the manu-
cript as written.
E S U L T S
xperimental ME was successfully initiated in all
nimals. Anesthesia was well tolerated. Blood gases,
eart rate, and blood pressure were kept within
ormal ranges throughout the duration of experi-
ents and optimized by slight adjustment of ven-
ilation parameters when necessary.
all motion and wall thickening. Using visual binary
ssessment, regional wall motion abnormalities of
he target area were detected in 16 of the 18 animals
Group 1, n  5 of 6; Group 2, n  5 of 6; Group 0, n  6 of 6) (Fig. 1A). In the first series of
ost-ME sequences, which were completed approx-
mately 30 min after ME, regional wall thickening
f the target area was reduced. Two 2 h after ME,
all thickening slightly improved, followed by a
rogressive decrease at 4 and 8 h after ME (Fig. 2).
yocardial edema. The T2-weighted TSE se-
uences showed an increased signal intensity of the
arget segments in 4 of the 18 animals (Group 1; n
1 of 6; Group 2, n  2 of 6; Group 3, n  1 of
) (Fig. 1B). A weak, homogenous hyperintense
ignal with subendocardial to transmural extension
as detected in all 4 cases.
GE in vivo. In the latest LGE measurement in each
roup, in vivo IR-FLASH sequences revealed re-
ional hyperenhancement of the target area in a
otal of 9 pigs (Group 1, n  1/6; Group 2, n 
/6; Group 3, n  5/6) (Fig. 1C). There was an
ncrease in the percentage of LGE positive animals
ver time, with a maximum of 83% after 8 h.
yperintensity could be described as weak, charac-
erized by enhancement with diffuse uptake mainly
ithin the mid-myocardial layers (Fig. 3C).
GE ex vivo. High-resolution ex vivo IR-FLASH
evealed hyperenhancement within the target seg-
ents in all but 1 animal (Group 1, n  5 of 6;
roup 2, n  6 of 6; Group 3, n  6 of 6) (Fig.
D). The signal distribution varied between focal
atchy areas of LGE areas in only 1 segment (signal
ntensity 197.2  50.2) (Fig. 3B) and more diffuse
ransmural areas of LGE in 1 or more segments
signal intensity 66.9  18.6) (Fig. 3D).
istology. There was no evidence for myocardial
nfarction or microinfarction in the remote area. In
he microembolized areas of the LCA, micro-
pheres were present throughout all sections. After
h, perifocal mononuclear infiltration and focal
osinophils were visible. Infarcted areas remained
elow 1% per section (mean 0.29 mm2 microin-
arcts per section) within the target area at this very
arly point of time. Histology of the pigs eutha-
ized after 4 h revealed microinfarction with infil-
rating leukocytes. Infarcted areas within the target
egments remained between 1% and 3% per section
mean 2.01 mm2 microinfarcts per section) (Fig. 4).
fter 8 h, when there was a clear demarcation of
icroinfarcts, the aggregate infarct size of the target
rea per section was 3% (mean 4.19 mm2 microin-
arcts per section).
roponin I. Baseline troponin I was 0.02 (0 to 0.91)
g/ml. At 2 h after ME, troponin I increased to
.33 (0.11 to 0.86) ng/ml (p  0.01), at 4 h after
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125E, to 1.59 (0.32 to 4.21) ng/ml, and at 8 h after
E, to 2.30 (0.86 to 5.15) ng/ml (p  0.01 both).
Increasing troponin I values tended to be associated
ith regional wall thickening impairment (r0.39,
 0.05) (Fig. 5A). The median troponin I level in
igs with positive in vivo LGE was 2.7 (0.3 to 5.2)
g/ml, whereas in pigs without in vivo LGE, it was
.4 (0.1 to 1.6) ng/ml (p  0.01) (Fig. 6). Maximum
roponin I after ME correlated with the area of ex vivo
GE (r  0.76, p  0.01) (Fig. 5B). There was no
ssociation between troponin I levels and the occur-
ence of myocardial edema (p  0.05).
I S C U S S I O N
E has been investigated by CMR imaging in
ultiple clinical studies (21–25). However, in con-
rast to these clinical CMR imaging studies on
eri-interventional myocardial damage, we used an
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Development of visual regional contractile dysfunction (A), edema
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hypokinesia; 2) the increase of in vivo LGE positive animals began 2
6 animals were positive for ex vivo LGE, and 4 and 8 h after ME, LG
an independent method to detect very early stages of discrete intrastablished experimental model and were therefore fble to exclude stent-related side-branch occlusion
s a mechanism of injury. Additionally, we investi-
ated early ME-induced myocardial damage over
ime noninvasively in vivo, including morphological
nd functional parameters, and the results of in vivo
GE imaging were verified by ex vivo high-
esolution LGE imaging and histology. Our se-
uential CMR imaging analyses detecting immedi-
te and subacute consequences of ME in an
stablished experimental pig model underline the
ollowing: 1) In vivo LGE permits the visualization
f ME-induced myocardial damage in up to 83%
fter 8 h. Ex vivo high-resolution LGE detects even
mall areas of microinfarction. The improvement in
patial resolution seems to be the key to improve the
iagnostic accuracy of CMR imaging. 2) In vivo
2-weighted TSE sequences fail to visualize myo-
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 end-systolic; ME  coronary microembolization.
fact of an epicardial vessel with remaining intravascular contrast agentractile dysfunction detected by CMR imaging
esembles the results of echocardiographic patterns
n animal studies using ultrasonic dimension gauges
n open chest preparation.
LGE is based on an increased distribution vol-
me for gadolinium chelates given intravenously
10 to 15 min before examination. The LGE
ccurs in regions of inflammation and edema, but
lso in areas of myocardial necrosis, both commonly
egarded as key elements of ME (29).
In the present study, in vivo LGE was detected
lready 2 h after ME. The percentage of in vivo
GE positive animals increased during the follow-
ng 6 h. LGE appeared with weak enhancement
nd diffuse signal intensity. To further characterize
nimals with positive in vivo LGE, troponin I levels
f LGE-positive pigs were compared with those of
GE-negative animals (Fig. 6). The median tropo-
in I value in pigs with positive LGE was higher
han in those without LGE, suggesting a relation
etween LGE and total myocardial damage. Unlike
n vivo CMR imaging, ex vivo imaging revealed
GE Images
t (LGE) images (A, B) and ex vivo LGE images (C, D). Whereas in a
even in vivo post-procedural focal spotted patchy to streaky sub-
arrows). High-resolution ex vivo LGE showed different aspects of
E in only 1 segment (C, arrows) and more diffuse transmural
rent distribution pattern of microspheres (arrowhead marks arti-Figure 2. Development of Regional Contractile Dysfunction After ME
There is an early decrease of regional contractile function, followed by a
slight recovery after 2 h and a further increase of wall motion dysfunc-
tion of the target segments during the subsequent 6 h. Regional wall
thickening is expressed as the ratio of maximal thickening between the
target area and the control area ([ES thickness  ED thickness of the tar-
get area] / [ES thickness  ED thickness of the control area]). Group 1 
diamonds; Group 2  squares; Group 3  triangles. ED  end-diastolic; ESFigure 3. Mid-Ventricular to Apical Short Axis In Vivo and Ex Vivo L
Mid-ventricular to apical short axis in vivo late gadolinium enhancemen
number of animals, in vivo LGE was negative (A), in individual animals,
endocardial to mid-myocardial delayed enhancement was observed (B,
hyperenhancement. The signal varied between focal patchy areas of LG
areas of LGE in 1 or more segments (D, arrows), possibly due to a diffepost-mortem).
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127reas of LGE in all but 1 animal. In contrast to in
ivo imaging, which revealed diffuse high signal
ntensity areas of LGE, ex vivo imaging showed
treaky areas of LGE with high signal intensity
ithin normal-appearing myocardium. Thus, ex
ivo CMR imaging demonstrated that the diffuse
GE signal in the relatively low resolution in vivo
mages results from streaks of LGE with interpo-
ition of normal myocardium. Obviously, the dif-
erences between pattern and incidence of LGE in
ivo and ex vivo after ME are predominantly caused
y the substantially lower spatial resolution of in
ivo imaging.
In previous studies, Ricciardi et al. (21) were the
rst to report the occurrence of focal LGE after
ngioplasty and stent implantation. Later, Sel-
anayagam et al. (23) were the first to propose a
inear correlation between post-interventional tro-
onin I elevation and the presence of LGE. Cor-
esponding to the findings of the latter authors, we
lso found an association between troponin I eleva-
ions reflecting myocardial necrosis and the pres-
nce, and even the extent, of post-interventional
GE. However, our observed patterns of LGE in
ivo and ex vivo are somewhat different to the
ndings of Ricciardi et al. (21). Apart from the
cclusion of side branches, distal embolization of
theromatous plaque material during stent implan-
ation was proposed as a mechanism underlying
GE (24). Contrary to our experimental observa-
ions, the authors described transmural to subendo-
ardial areas of LGE with high signal intensities in
he apical myocardium after assumed distal embo-
ization. The most likely explanation for these
ifferences seems to be that, in the clinical setting,
he difference between side-branch occlusion and
Figure 5. Correlation of Wall Thickening and Ex Vivo LGE Versu
Increasing troponin I levels tended to correlate with regional contra
imum ex vivo late gadolinium enhancement (LGE) extension (B).E cannot be really ascertained. Thus, some areas
f compact LGE may have been misinterpreted as
esulting from distal ME. Another explanation is a
otentially more compact distal embolization due to
higher plaque burden and a more heterogeneous
article size up to 100 m in diameter in the
tudy group of Ricciardi et al. (21). In support of
his notion, Porto et al. (24) reported a significant
orrelation between changes in plaque volume
nd the mass of post-interventional focal myo-
ardial necrosis. Thus, our data indicate that even
E by a limited number and small particle size
f microemboli can be visualized by CMR imag-
ng. Finally, the differences may also result from
Figure 4. Histology of Microinfarction
Representative histomorphology even 4 h after microembolization
focal small conglomerates of necrotic cardiomyocytes (arrows) and
sive inﬂammatory inﬁltration.
oponin I Levels
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128he different time points for imaging, as the
ppearance of LGE areas may differ 24 h after
E compared to 8 h after ME.
Our experimental results also indicate that the
istribution of ME influences the pattern of LGE:
n animals with a small total area of LGE, the area
f hyperenhancement was much brighter, compact,
nd focal. Thus, subendocardial LGE of high signal
ntensity such as reported by previous studies may
e caused by multiple closely adjacent necrotic foci,
nd may, therefore, be only an exceptional case after
E. In the majority of cases, the signal of LGE
as spotted to streaky, weak, and diffuse. There-
ore, in clinical routine, these changes may be
isconstrued to be artifacts. Thus, improved spatial
esolution, for example, by imaging at high field
trengths or by the use of navigator sequences, is
ecessary to reliably visualize structural changes
fter ME.
In contrast to regional contractile dysfunction,
ncreased signal intensity on T2-weighted images,
ndicating myocardial edema, was detected only in a
mall number of animals. However, in all animals
Higher Troponin I in LGE-Positive Animals
lot diagram of maximum troponin I levels in late gadolinium
ent (LGE)-positive and LGE-negative animals in vivo shows a
rease of troponin I in pigs with LGE than in those without LGE.ith an increased signal intensity on T2-weighted omages, the hyperintense areas matched the areas of
ontractile dysfunction. It has been shown that
yocardial edema can reliably be detected in acute
yocardial infarction, and that T2-weighted se-
uences are helpful to distinguish acute and chronic
yocardial damage (20). However, in our study
2-weighted sequences were unable to detect early
tages of discrete focal intramyocardial edema
ithin the first 8 h after ME in the majority of
ases. It is well known that the contrast between
amaged and normal myocardium is lower on
2-weighted images compared with contrast-
nhanced scans. Thus, we believe that in most cases
urrently available sequences for myocardial edema
maging are not sensitive enough to detect such
mall areas of edema. Nevertheless, recently de-
cribed T2-weighted steady-state free precession
equences may improve the image quality and
obustness of T2-weighted sequences and may en-
ance the detection rate of focal myocardial edema
n the near future (30). So far, it is well known that
2 TSE images are prone to artifacts; because the
ontrast between edema and normal myocardium is
ery low in cases with evidence for edema in
2-weighted images, semiquantitative assessment
f myocardial edema was omitted.
Impairment of systolic wall thickening is a sen-
itive marker of myocardial ischemia, including
E. In our in vivo pig model, a regional reduction
n wall motion was observed visually in all animals
h after ME, which was confirmed in the quanti-
ative analysis as a significant decrease of wall
hickening in the target segments. The observed
ime-dependent changes are in accordance with
eported systolic wall thickening in microembolized
igs when using sonomicrometry (5–7). Thus, our
ata underline the potential of noninvasive func-
ional CMR imaging in the detection of ME-
nduced wall motion impairment.
tudy limitations. We used a rather simple model of
E in healthy nonatherosclerotic swine, and it
emains unclear to what extent our experimental
odel reflects the clinical scenario with regard to
ize and number of microthromboembolic material
nd its relevant proinflammatory capability. How-
ver, in the clinical scenario, we suggest even higher
yocardial damage as to the additional liberation of
oluble substances and the heterogeneity of corpus-
ular fragment size (different from the homogenous
2-m microspheres used in our study). Addition-
lly, our experimental setting allows no estimationFigure 6.
The box-p
enhancemf the prognostic value of LGE after ME.
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129O N C L U S I O N S
ine SSFP CMR imaging sequences can detect even
arly stages of contractile dysfunction with a high
ensitivity. Therefore, the careful analysis of wall
otion abnormalities seems to be 1 key for the
etection of ME in vivo by CMR imaging. In vivo
2-weighted imaging failed in the detection of ME
wing to its low sensitivity. High-resolution ex vivo
maging showed that contrast-enhanced CMR imag-
ng is able to detect ME, and that the pattern of LGE
fter ME is different from the well-known pattern of
GE in compact myocardial damage (e.g., myocardial
nfarction). However, our results additionally show
hat the diagnostic accuracy of in vivo late enhance-1980;62:936–44. 6:522–9.ow spatial resolution. Thus, improvements in spatial
esolution (e.g., by imaging at higher field strengths
han clinically used such as 7-T, by use of navigator
equences) are necessary to improve the ability of
ontrast-enhanced CMR imaging to visualize struc-
ural changes after ME in vivo. Whether the detection
f LGE might contribute to risk stratification after
ercutaneous coronary intervention and stent implan-
ation in addition to established biomarkers of necrosis
eeds to be elucidated in patients.
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